A B S T R A C T Using the Yearly Genesis Parameter (YGP) and the Convective-YGP (CYGP), the main large-scale climatic fields controlling tropical cyclone (TC) formation are analysed and used to infer the number of TCs in a given basin using ERA40 reanalyses for the period [1983][1984][1985][1986][1987][1988][1989][1990][1991][1992][1993][1994][1995][1996][1997][1998][1999][2000][2001][2002]. Both indices show a reasonable global number and spatial distribution of implied TCs compared to observations.
Introduction
The active 2005 hurricane season likely contributed to the growing awareness of the general population and policy makers towards climate change and its possible consequences. Ironically, no consensus exists within the scientific community regarding the variety of possible changes in tropical cyclone (TC) activity (e.g. length of TC season, geographical distribution of TCs, maximum TC intensity, etc.) that might ensue in response to increasing levels of CO 2 . The fourth assessment report of the IPCC (Meehl et al., 2003) suggests an increase in mean wind and precipitation intensity of TCs, but whether or not this trend can already be observed, as claimed by Emanuel (2005) and Webster et al. (2005) , or if this apparent trend is just a result of decreasing quality of the observed data sets as one goes backwards in time (Klotzbach, 2006) or to varying measurement techniques (Wu et al., 2006) remains an open question. However, when it comes to TC frequency, no particular consensus has yet emerged from the various model simulations and whether or not the global fre-quency of TCs will remain at current levels, increase or decrease in the future remains highly uncertain.
Two techniques have commonly been used to diagnose the number of TCs in Global Climate Models (GCMs). The first technique consists of locating and tracking what have been coined tropical cyclone-like vortices (TCLVs) (Walsh and Watterson, 1997) . GCM resolutions are too coarse to resolve real TCs and instead reproduce systems reminiscent of TCs (known as TCLVs), but with some distinct characteristics. Specifically, simulated TCLVs do not reproduce important features of the TC, such as the eye structure. Many studies, using both Global and Regional Climate Models, have relied on this technique to estimate future TC activity by comparing the simulated number, intensity and paths of TCLVs in current and future climate conditions, often with contradictory results (Haarsma et al., 1993; Bengtsson et al., 1996; Sugi et al., 2002; McDonald et al., 2003; Chauvin et al., 2006; Oouchi et al., 2006; Bengtsson et al., 2007b) . Latest results using this technique seem to point towards an overall reduction in the number of cyclones, but an increase in the number of intense storms. However, these simulations rely on systems that are reminiscent of TCs but not necessarily representative of them: the structure of the TCLVs cannot be considered genuinely close to reality. The 17 ms −1 threshold limit normally used to define the existence of a TC has to be lowered in these simulations in order to detect an adequate number of TCLVs. It then becomes somewhat arbitrary to fix a wind speed criterion for detection of a 'TC'. 1 Hence, while studies based on this technique might be suggestive of a likely response of TCLVs to increases in GHGs, they are likely to remain not entirely convincing until the models used adequately reproduce systems more closely reminiscent of observed TCs.
The second technique used to estimate future TC frequency provides an estimate of tropical storm activity through the use of a genesis parameter, dependent on seasonal mean large-scale fields which are known to play a role in controlling TC genesis (Gray, 1975) . Developed empirically, these indices allow a quantification of the influence of large-scale fields on TC activity and reproduce with some accuracy the observed number, seasonal and geographical distribution of TCs for the present climate. This method may be better suited to TC analysis in low resolution GCMs that might be expected to simulate, with some level of accuracy, the large-scale climate controls on TC activity rather than the TCs themselves. This contention rests on the premises that there exists a deterministic large-scale control on TC activity which remains valid in future climate conditions and, furthermore, that CGCMs accurately simulate both the presentday large-scale tropical climate and future changes in key largescale quantities in response to increasing levels of GHGs. One major drawback of this approach is that it can only give an estimate of TC numbers and cannot address the issue of changes in TC intensity.
To the authors knowledge, Ryan et al. (1992) were the first to use a genesis index with climate model output to estimate future TC activity in a greenhouse gas enhanced atmosphere. They used the genesis index developed in Gray (1975) , the Seasonal Genesis Parameter (SGP) and, through comparing the SGP for simulated present and future climate conditions, derived a large increase in implied TC numbers in both hemispheres. This they deemed to be an overestimate of the probable real future TC trend due to the oversensitivity of the index to ocean surface temperature. This conclusion was shared by Royer et al. (1998) when they applied a similar analysis to a different climate model, which led to the development of a new index, the Convective SGP (CSGP), which retains some of the parameters of the SGP but replaces the ones considered to be unreliable in future climate conditions (the difference between these two indices is discussed in Section 2). Using this new index, Royer et al. predicted a decrease in the number of TCs in the Southern Hemisphere (SH) and a small increase in the Northern Hemisphere (NH), the largest increase being located in the western North Pacific (WN Pac). McDonald et al. (2003) , using the same index found a more complex pattern of changes, including a region of decreasing activity in the WN Pac. They also found that the pattern of change given by the 1 For additional information's on the arbitrariness of TC detection in Coupled Global Climate Models (CGCMs), see recent article by Walsh et al. (2007) .
CYGP was similar to the pattern found by tracking individual TCs. This last conclusion was shared by Chauvin et al. (2006) , when comparing possible TC activity changes over the Northern Atlantic. All of these studies relied on one single CGCM or a single atmospheric GCM run with prescribed ocean surface temperatures for present and future climate conditions. Recently, Camargo et al. (2007) analysed the predictive skill of another index, the Genesis Potential Index (GPI), developed by Emanuel and Nolan (2004) , for current climate conditions using 5 atmospheric GCMs forced by observed SSTs. The relationship between the GPI and the number of TCs was found to be model and resolution dependent.
In this study, we attempt to estimate the possible change in the number of TCs in future climates by comparing the CSGP and the SGP, to which we have applied a first-order correction, in an ensemble of model simulations prepared for the IPCC fourth assessment report (AR4) and originating from the World Climate Research Programme's (WCRP's) Coupled Model Intercomparison Project, phase 3 (CMIP3). In Section 2, we describe both indices, while in Section 3 we evaluate these indices by using the ECMWF 40 yr reanalysis data (ERA40, Uppala et al., 2005) and comparing the implied number of TCs from the ERA40 SGP and CSGP with the number of observed cyclones for the same period (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . We also discuss the dangers inherent in using reanalysis data in attempting to detect a trend in the evolution of these indices and implied trends in TC occurrence. In Section 4, we introduce the models used in this study and compare the simulated present-day SGP and CSGP for the CGCM ensemble to the reanalysis data and observed TC occurrences over a similar period. We then look at the CGCM simulated time evolution of the SGP and CSGP for the period 1861-2000 and discuss a possible correction to the SGP. Finally, in Section 5, we compare the indices and implied TC numbers for future climate conditions under three different CO 2 equivalent emission scenarios.
Methodology
The SGP is the product of a dynamic potential and a thermal potential, each of which rely on three parameters. Together, these six components summarize the main large-scale dynamic and thermodynamic variables believed to control TC activity on seasonal timescales.
where the dynamic potential is defined such that (1) f = 2 sin φ is the Coriolis parameter at a given latitude (φ is the latitude and the angular velocity of the Earth) in 10 , 1), where RH is the average relative humidity in percent between 500 hPa and 700 hPa (i.e. a measure of the mid-tropospheric humidity).
If any of the components of the SGP is less than or equal to zero, the SGP is set to zero. The SGP is usually divided between the boreal winter (JFM), spring (AMJ), summer (JAS) and fall (OND) and is found to be a good predictor of the number of cyclones formed in a 5
• × 5
• latitude-longitude grid for a given 20-yr period. The Yearly Genesis Parameter (YGP) is calculated as the sum of the four SGPs and can be used to derive the annual average number of TCs over the same 5 • × 5
• box for a given 20-yr period.
In its original form, Gray (1975) set the threshold for deep convection at 26
• C. However, we will here use a threshold of 26.3
• C when evaluating the SGP/YGP in current climate conditions. This is done to address a recurrent criticism of the YGP which is its reliance on the constant value of 26 • C as the threshold for TC formation. It is argued that with increasing temperatures in the tropics, the vertical lapse rate will adjust such that the warmer atmosphere will experience a shift in atmospheric stability, resulting in an increase in the threshold SST required to support deep convection. To a first order, one might expect the threshold SST for TC development to follow the mean surface warming over the tropical ocean. This implicitly assumes convection acts to maintain a relatively constant vertical lapse rate as the surface warms. Here, we attempt a type of first order correction based on this hypothesis by increasing Gray's original threshold. Warming trends in the ocean vary greatly between individual basins, as shown by Casey et al. (2001) , but choosing different temperature changes for different regions of the globe would be impractical here. Instead, based on Bindoff et al. (2007) , we use a mean linear trend of 0.1
• C/decade for all the tropics, resulting in an increase of 0.3 • C between the period used in Gray's original work when the YGP was developed (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) and current conditions (1983 for ERA40 and 1981 -2000 . Based on our earlier discussion regarding the atmospheric lapse rate adjustment to SST changes, this leads to an increase in the SST threshold in the YGP from 26 to 26.3
This new value of 26.3 • C will be used as the new threshold for current climate conditions and will serve as a reference when defining past and future thresholds which will be adjusted around this reference value based on specific (model and observed) SST trends. Henceforth, this tropical SST dependent YGP will be referred to as the adjusted YGP. By comparison, the Convective SGP (CSGP) replaces the thermal potential of the SGP by a convective potential defined as
where P C is the seasonal mean convective precipitation, in mm day −1 computed by a given model. As opposed to Royer et al. (1998) , we do not apply an a priori threshold criteria for the convective precipitation. However, if the number of TCs predicted is less than 0.5 per 20-yr period, we set the CSGP to 0. The convective potential is also set to 0 over land regions. The CSGPs can also be summed over all seasons to give a CYGP. This index was developed with the goal of predicting future TC activity, hence the proportionality constant is determined empirically such that the total, global number of TCs predicted by the CYGP for a given (present-day) period be the same as that from the YGP. The advantage of this index lies in the fact that the convective precipitation integrates in an internally consistent manner, with respect to each model, the vertical atmospheric response to changes in SST, atmospheric stability and humidity whereas the SGP does not. It is worth mentioning that two recent studies (McDonald et al., 2003; Chauvin et al., 2006) have found good agreements between the actual TC activity generated by their GCM and this index. Also, it should be emphasized that this potential is best suited for low resolution GCMs, since convective precipitation is a model artefact resulting from coarse model resolution and the need to parametrize convection and therefore separately simulate convective and large-scale precipitation. Any significant increase in resolution should ideally see a gradual transfer of simulated convective precipitation into the large-scale component. This technique we believe is applicable to the resolution of present day (IPCC AR4) CGCMs and is likely to remain so until GCMs are running at resolutions significantly better than ∼1
• .
We aim to evaluate both indices by comparing the implied number of TCs from each index using ERA40 simulated values for the 20-yr period 1983 to 2002. In doing this, we are implicitly assuming that the global reanalysis accurately represents the components of the SGP and CSGP at the 5
• × 5 We deemed these two periods to be sufficiently similar to each be classed as 'present climate conditions'. Observations were taken from the Joint Typhoon Warning Center (JTWC) best track data set for the SH, WN Pac and Northern Indian Ocean and from the National Hurricane Center (NHC) best track data set for the Northern Atlantic and northeast Pacific (NE Pac) ( Fig. 1 shows the different basins). A storm was considered a TC at the location and the time for which the surface sustained winds were first measured to be higher or equal to 17 m s −1 . Each TC was considered only once, even if it lost its tropical storm status for a short period and regained it later. The exceptions to this rule are the few TCs originating from the Atlantic which weaken to a depression over North/Central America only to revert to TC status once they reach the warm waters of the NE Pac. Figure 2b and c compare the YGP and CYGP implied TC activity derived from the ERA40 reanalysis data, to observed numbers for the period 1983 . This is done to give an indication of the implied TC numbers we might expect from the YGP and CYGP using the best available large-scale meteorological data. Depending on the quality of the reanalysed large-scale tropical meteorology, this exercise can be considered a partial evaluation of the ability of the YGP and CYGP indices to infer TC statistics. As summarized in Table 1 , the observed global mean number of TCs per year during the 1983-2002 period is 86.1 with an annual standard deviation over the 20-yr period of 7.3 cyclones. The ERA40 YGP predicts an average of 75 TCs per year for the same period. Most regions of cyclogenesis are well reproduced by the ERA40 YGP, even if there appears to be an overall overestimate in the SH and an underestimate in the NH. This shift in TC formation from the NH to the SH originates mostly from an underestimate of TC activity in the NE Pac and the Northern Atlantic and an overestimate in the southwest Pacific (SW Pac), as can be seen from Table 2 , which details the observed and analysis derived TC statistics by basin for the 1983-2002 period. There is also unusual activity in the Red Sea and in both Hemispheres TC formation is predicted slightly closer to the Equator than currently observed. It is interesting to note that these results show some striking similarities with that of Bengtsson et al. (2007a) who have tracked individual cyclones in ERA40 reanalysis in the NH. In the original study by Gray (1975) discrepancies between observations and YGP predictions were not as pronounced as they are with ERA40: no TCs were predicted in the Red Sea or on the Equator and TCs in the NE Pac and NW Pac were closer to what was observed. Lowering the SST threshold in the YGP back to the original value used by Gray (1975) , that is, 26
Evaluation of the YGP and CYGP using ERA40 reanalyses
• C, in the evaluation of the YGP with ERA40 increases the mean annual frequency of TCs to 83, closer to current observations, but does not improve the geographical distribution: if the activity in the NW Pac region now approaches current level, the SW Pac region now overestimates TC activity and the NE Pac still does not capture the high density cyclogenesis present in that basin (not shown). Whether these differences between Gray's (1975) original predictions and ERA40's are due to deficiencies in the reanalysis data compared to the observational data used by Gray we are unable to evaluate at this time.
For the CYGP, we calculate the constant k of the convective parameter so that the total number of cyclones for the 1983-2002 period is the same for both methods, that is, 75 TCs per year. This leads to a value of k = 0.1379, which lies between the respective values found using GCM derived YGP and convective precipitation by Royer et al. (1998) and McDonald et al. (2003) , namely 0.145 and 0.1159.
This index gives a distribution comparable to the YGP, but we see a shift in activity between the different basins: TC activity is reduced in the NW Pac and around Northern Australia but is increased in the NE Pac, N Atlantic and Southern Indian Ocean. Interestingly, the CYGP predicts a low level of activity off the coast of Brazil where Hurricane Catarina struck in 2004 (McTaggart-Cowan et al., 2006) and in the gulf of Guinea close to where a strong tropical depression/weak tropical storm formed in mid-April 1991 (McAdie and Rappaport, 2003) . However, most noticeable is the inability of the index to predict TC formation in the NE Pac close to the coast. Similarly in the NW Pacific basin, TC activity is predicted to occur further East in the central Pacific, leading to unrealistically high activity in that region. Finally, the CYGP removes the unusual activity predicted in the Red Sea, fails to predict TCs in the Arabian Sea and maintains (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) 4.8 ± 2.2 27.9 ± 4.0 16.5 ± 4.2 10.2 ± 3.7 11.9 ± 2.5 9.0 ± 3.0 5.8 ± 3.6 ERA40 YGP (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) 3.1 26.5 6.4 3.8 9.5 12.1 9.6 ERA40 CYGP (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) 2 TC activity too close to the Equator. Again, this result shows good agreement with that of Bengtsson et al. (2007a) . Both indices reproduce the seasonality of TC formation with reasonable accuracy (not shown). By comparing individual seasons, it is seen that the unrealistically high TC activity in the SH is mainly due to an overestimate of activity during the JFM season, although both parameters incorrectly predict some low level TC activity in the JAS (winter) season in this hemisphere.
It is tempting to try to detect a trend in TC activity using the ERA40 reanalysis data for the period 1958-2002. However, applying the SGP or CSGP technique to the recent past using ERA40 data, the number of TCs decreases in an unrealistic manner in all basins. Deriving the YGP for the period 1963-1982 from ERA40 data, we find the mean annual number of cyclones predicted drops to 46. Although there is some uncertainty in cyclone archives, such a large decrease in TC formation (≈50%) is completely at odds with accepted trends in the global number of TCs over the recent past, which suggest a relatively constant global TC number over the past 40 yr, notwithstanding variations between individual basins (Webster et al., 2005) .
The main factor responsible for this sharp reduction appears to be a significant reduction in the integrated water vapour content of the ERA40 atmosphere in the 1963-1982 period relative to the 1983-2002 era, leading to a large reduction in the humidity based parameters in the ERA40 YGP. Bengtsson et al. (2004) showed that this trend in IWV in ERA40 primarily arises from changes in observational coverage, in particular an increase in satellite coverage in the latter period, contributing to a moistening of the ERA40 atmosphere through increased data assimilation, rather than a real IWV trend. We can estimate the impact of such a dry bias on the YGP index by substituting the 1963-1982 relative humidity and specific humidity (used to calculate equivalent potential temperature) values for those of the We therefore conclude that the majority of any trend in implied TC frequency through the ERA40 period is mainly an artefact of changing observational coverage.
The SGP and CSGP obtained from the ERA40 reanalyses for the 1983-2002 period produce reasonably accurate estimates of the global mean TC activity, as well as the geographical and seasonal distribution lending some credence to the YGP and CYGP indices in evaluating CGCM simulated TC statistics. ERA40 will subsequently be used in conjunction with observations for comparison when the same analysis is performed on an ensemble of CGCMs for a similar time period.
Evaluation of the YGP and CYGP in an
ensemble of CGCMs for the climate of the 20th century
Seasonal/yearly genesis parameter
Nine CGCMs from the CMIP3 multimodel dataset were chosen to build an ensemble from which to evaluate the SGP and CSGP indices. The models were selected based on van Ulden and Oldenborgh's (2006) analysis of the quality of the simulated 20th century mean sea level pressure (MSLP) variability.
Of particular interest was the mean spatial correlation and mean explained spatial variance of the MSLP over the whole globe and over the tropics specifically (30 • N-30 • S). 4 Where data was available, we were guided by these two criteria, which partially defines the quality of the simulated large-scale atmospheric variability in a given CGCM, in selecting the best performing models.
This pre-selection of ensemble members might indeed underestimate the level of uncertainty in future TC trend, but probably increases the reliability of the results by filtering out CGCMs that do not reproduce adequately the global and tropical large-scale circulation. The CGCMs retained are listed in Table 3 , along with the number of simulations produced for each GHG scenario listed in Table 4 . The YGP/CYGP for a given model is defined as the mean of an ensemble of integrations, for that model, for a given emission scenario or present-day control integration (i.e. only 1 YGP/CYGP value for a given model, for a given emission scenario, contributes to the multimodel ensemble). We first evaluate the original YGP, with a fixed SST threshold of 26
• C as suggested by Gray (1975) for the nine models and the ensemble mean YGP for the scenario 20c3m (climate of the 20th century), running from 1861 to 2000. This period is broken down into seven 20-yr periods and the YGPs are calculated for each respective 20-yr block. Figure 3 gives the mean annual number of TCs per 20-yr period for each model and the ensemble mean using the YGP. Besides the mean annual number of cyclones being too low and the large differences between individual GCMs, an upward trend common to all models can be seen. Records of TCs preceding the 1940s are scarce, but there does not seem to be any strong evidence to support such an upward trend in cyclogenesis over the last 140 yr. In fact, these upward trends seem to confirm that at least part of the increase in TC formation detected by Ryan et al. (1992) and Royer et al. (1998) was due to weaknesses in the YGP itself. To compensate for this trend, we now apply the correction suggested in Section 2. We first increase the current period (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) SST threshold required for TC formation to 26.3
• C and then, for each preceding 20-yr period (or subsequent 20-yr period in future climate scenario), we average the surface temperature over the tropical oceans (30 • S-30
• N) for each model individually and compare it to the average 20 yr value of the reference period (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) ) for the same model. We then shift the threshold temperature for TC formation by this SST difference and recalculate the YGP for each 20-yr period using this new SST threshold. This procedure is done separately for each resulting mean annual TC number using this adjusted YGP per 20-yr period is given in Fig. 4 . The upward trend over the past century is greatly reduced but is still apparent. To investigate the cause of this trend, Table 5 presents an estimate, for each season, of the change in the individual parameters of the SGP over the 20th century. This is presented in the form of a ratio 1981-2000: 1901-1920 . The ocean thermal energy term does not contribute to the leftover trend, but the thermal potential is still responsible for it. This might be an indication that at least one other parameter requires some adjustment.
Comparing the geographical distribution of the adjusted YGP for the 1983-2002 period from the ERA40 reanalysis to the ensemble mean of the last 20-yr period of the 20c3m simulation, 1981-2000 (Fig. 2d) , we see that most main cyclogenesis areas depicted in the reanalysis are also present in the CGCM ensemble, although at a systematically lower intensity. Besides a general decrease in the number of TCs, TC formation in the CGCM ensemble mean is largely absent from the Gulf of Mexico and the Northern Atlantic, which seems primarily due to lower mid-tropospheric humidity in the ensemble compared to ERA40. Also, some unrealistic activity is predicted in the Southern Atlantic and off the coasts of South America. The activity in the Southern Atlantic arises because the mid-tropospheric humidity of the ensemble in that region is too high and passes the threshold of 40% required for TC development, whilst the activity off the west coast of South America (Eastern Pacific) is due to an excess of ocean thermal energy during the JFM season, possibly due to a lack of stratocumulus clouds leading to a positive bias in surface short wave flux and a positive SST bias. Equally, a failure to accurately simulate ocean upwelling in the Eastern Pacific could lead to a similar positive SST bias. The ensemble YGP also predicts unrealistic TC formation in the Central Pacific. It should be noted that by tracking individual cyclones in ECHAM5, Bengtsson et al. (2007a) also detected TC formation in the latter region. As in the reanalysis, the CGCM ensemble mean adjusted SGP gives a relatively accurate seasonal distribution of TCs for both JFM and JAS (not shown). Comparing the zonal mean distribution of TCs between the CGCM ensemble, reanalysis and observations (Fig. 5) clearly shows that both the ensemble and the reanalysis underestimate TC formation in the NH during JAS. In contrast, ERA40 overestimates TC formation in the SH during JFM while the ensemble underestimates it. Comparing both the thermal and dynamic potentials for the period 1983-2002 (Fig. 6) for JFM shows that the 10
• S-15 • S band is where both potentials are larger in ERA40 than the ensemble while the higher level of activity in ERA40 during JAS is caused by a larger thermal potential across the Northern tropics (Fig. 6) . Nevertheless, the CGCM ensemble components of the SGP show striking similarity to those in the reanalysis. Because the index depends on climatological large-scale fields, we might expect that many simulations performed using the same model would return similar indices with a relatively small spread in the predicted number of cyclones. This turns out to be the case, as we can see from Table 6 , where the mean annual number of cyclones predicted by each model for the period 1981-2000 is given along with the standard deviation when the number of simulations was greater than 1. We observe a similar pattern whether we look at individual basins, seasons or different 20-yr periods. This suggest that a large number of simulations from one model does not increase greatly the robustness of findings related to the YGP, at least at the basin scale.
In comparison, the large spread of simulated YGP between the individual models is more significant and adding or subtracting a model from the ensemble would have a much greater impact on the index of the ensemble than any of the internal variations obtained from a single model, as can be seen from the standard deviation of the YGP for the ensemble (33 TCs per year). Some of this spread can be attributed to differences in predicted ocean Tellus 60A (2008), 1 • C separates the model with the lowest tropical ocean surface temperature (BCCR2), located at the low end of the YGP spectrum to the warmest model (CSIRO3.5), located at the top end of the YGP spectrum. Also worth mentioning is the relative difference in mid-tropospheric humidity over the tropical ocean between the individual models: more than 18% separates the driest model (MIROC) from the wettest model (ECHAM5) in the regions of cyclogenesis. Three out of the five models predicting lower activity than the ensemble mean (MIROC, HadGEM, CGCM3.1) have a mid-tropospheric relative humidity equal to or lower than 44% in the TC genesis regions while GFDL CM2.0, GFDL CM2.1, CSIRO3.5 and ECHAM5 have a mean value equal to or higher than 50%. For comparison, the mean value of mid-tropospheric humidity in ERA40 is 49%.
Given that the humidity in the mid-troposphere is close to 40% in the regions of TC formation for the driest CGCMs, small differences in relative humidity translate into large differences in the YGP. In effect, those CGCMs fail to predict TC formation in many areas due to insufficient moisture in the mid-troposphere.
Convective Seasonal/yearly genesis parameter
We now turn our attention to the alternative CSGP/CYGP index. Although it led to an underestimation of TC activity in the NH, we will consider the constant k found using ERA40 as an observational based estimate of k, linking convective precipitation to mid-tropospheric relative humidity, SST and equivalent potential temperature. Therefore, we use this value in deriving the CSGP for each respective model from eq. (1). This means that we should not expect the annual mean number of cyclones for the individual models to be equal to the values found using the YGP. We evaluate the index for each 20-yr period between 1861 and 2000, the same k value is used throughout the entire period implicitly assuming the relationship between convective precipitation and SST, mid-tropospheric RH and equivalent potential temperature are unchanged with time. The geographic distribution of the CYGP for the 1981-2000 period is given in Fig. 2e and the mean annual number of TCs per 20-yr period for 1861-2000 is given in Fig. 7 . Using this index, there appears to be almost no trend in the overall number of cyclones over the course of the past 140 yr (Fig. 7) . This seems to support the hypothesis that the index adjusts to match changes in surface temperatures (Royer et al., 1998) and that, if we hope to detect a realistic trends in future TC activity, the CSGP/CYGP seems to be the most appropriate index.
For the 1981-2000 period, the mean annual number of TCs from the CGCM ensemble is 75, the same as estimated with Table 6 ). However, the geographical distribution is somewhat different from the observations and is more similar to the one obtained from the reanalysis, with too high TC formation in the Central Pacific and western South Pacific and some unrealistic activity in the Southern Atlantic and eastern South Pacific. Also, as in previous cases, TC formation is predicted too close to the Equator and underestimated across the NH. statistic is beyond the scope of this study. Finally, the patterns of the CSGP for the ensemble also follow closely the patterns of CSGP for the reanalysis (not shown). Figure 8 compares the longitudinal distribution of observed TC formation with that predicted from the YGP and CYGP using the reanalysis and the ensemble mean averaged over the latitude band 35 N-35 S. Both show good agreement with observations, but neither of the indices manage to capture the concentrated location of formation in the East Pacific. This problem is not unique to these indices and also occurs when tracking individual cyclones (McDonald et al., 2003; Yoshimura et al., 2006) , although when using this technique, there seems to be a Tellus 60A (2008), 1 definite improvement with increasing resolution. It is known that a significant fraction of TC development in the NE Pac occurs through an interaction of Atlantic tropical waves and depressions with Central American orography (Zehnder et al., 1998) . Vortex stretching on the downwind (western) side of the Central American mountains can locally increase cyclonic vorticity in an evolving tropical disturbance and potentially be the seed for TC genesis in the East Pacific. This type of local dynamic interaction will not be included in the YGP/CYGP indices that only consider larger scale controls on TC development. The NE Pac is the only region where strong interaction between local orography and TC precursors takes place and seems to suggest the YGP and CYGP indices might not be applicable in this region.
ERA40 (the mean for individual CGCMs is given in
Differences in the CYGP index between individual models again far outweight differences obtained from various simulations of the same model, as can be seen from Table 6 . The standard deviation in the mean annual number of TCs is reduced using the CYGP, but is still substantial (25% of the mean annual number of predicted TCs). Except for MIROC, CSIRO3.5 and ECHAM5, all models show an increase in their annual mean number of TCs compared to the YGP, the most dramatic being HadGEM and BCCR2 which increase by a factor ≈3 and 5, respectively. This wide variety of responses may originate from the different convection schemes used in the models, which may each trigger and support deep convection at different ocean temperatures and/or atmospheric stability or humidity values.
In order to justify the choice of the nine CGCMs that we have used, we performed a similar analysis using a smaller ensemble of three CGCMs, each of which were classified as performing poorly based on the analysis of van Ulden and van Oldenborgh (2006) . The YGP and CYGP of these three CGCMs (GISSeh, IPSL4, PCM) are displayed in Fig. 9 . Both indices suffer from the poorer simulation of large-scale tropical climate variability in these CGCMs: both indices predict a larger number of TCs in the SH than in the NH (see Table 1 ) and both extend TC activity into the Southeastern Pacific. The YGP of the second ensemble also fails to predict high-level activity in the WN Pac while the CYGP predicts more activity in the Southern Atlantic than in the Northern Atlantic. Hence, as should be expected, both parameters simulate a more accurate distribution of implied TCs when using CGCMs with an accurate representation of large-scale atmospheric variability compared to TC statistics derived using less accurate models. We therefore consider it important that a pre-selection of sufficiently accurate GCMs is made based on performance for the present, observed climate, before an analysis of future TC changes is made. This exercise led to the nine CGCMs used in this study.
Future tropical cyclone activity
Having established for the nine member CGCM ensemble that the CYGP and adjusted YGP provide reasonable estimates of the annual number of TCs along with a reasonable depiction of the spatial and seasonal distribution of TCs, we now apply these indices to results originating from a variety of future climate scenarios generated by the same nine CGCMs. In assessing possible future TC activity, we will use three sets of model projections, each based on a different GHG emission scenario for the next 100 yr. In the optimistic scenario, SRES B1, equivalent CO 2 concentrations reach 550 ppm by the year 2100, in the pessimistic scenario SRES A2, 850 ppm and in the intermediate scenario SRES A1B, 720 ppm (Nakićenović and Swart, 2000) .
We begin by evaluating time-series of the mean annual number of cyclones per 20 yr for the period 2001-2100 for both indices in the SRES A1B scenario. Results using the adjusted YGP are shown in Fig. 10 and using the CYGP, in Fig. 11 . The adjusted YGP shows a relatively steep upward trend. From Table 7 , the influence of the thermal energy content is greatly reduced compared to previous studies; instead, a large portion of the increase may be attributed to an increase in the moist static stability term. How much of this trend is artificial due to shortcoming of the index itself is unknown. Based on the analysis of results for the Tellus 60A (2008), 1 gives an increase of 5 TCs per year and 3 TCs per year, respectively. As can be seen in Fig. 11 , no global trend common to all CGCMs can be detected since the responses vary between a moderate increase (>10%) (MIROC, ECHAM5, CSIRO3.5), small increase (<10%) (HadGEM, MRI, BCCR2), no trend (GFDL CM2.0, GFDL CM2.1) and a slight decrease (CGCM3.1). However, this global trend can be misleading because all CGCMs do predict changes in locations of cyclogenesis, even if they do not predict a global change. For example, HadGEM predicts a large increase in the WN Pac, compensated by a decrease in the SH, the more pronounced decrease being in the South Indian Ocean. 5 Similarly, GFDL CM 2.0 predicts an increase in activity in the WN Pac compensated by a decrease in the SW Pacific. Figure 12 shows the geographical distribution of ensemble mean TC changes between 2081-2100 and 1981-2000 for the three emissions scenarios. The ensemble mean increase is not uniformly distributed but mostly concentrated in the WN Pac basin and compensated by a small decrease in the SH. For comparison, the difference between the 1981-2000 climate and the 1901-1920 climate is also shown in Fig. 12d . The mean annual change per basin is given in Table 8 . 6 The increase in the WN Pacific is even more pronounced in SRES A2 than in SRES A1B but is relatively weak in SRES B1. In both SRES A1B and SRES A2, there appears to be a reduction in TC formation along the coast of Central America in the NE Pac, accompanied by an increase further off the coast. This pattern is also predicted in Bengtsson et al. (2007b) , but given that cyclogenesis is poorly represented by our indices in this basin, this result should be taken with caution. Also, there appears to be a small overall reduction of TC formation in the SH. However, this reduction is quite weak and it is questionable if, were it to occur, it could be detected relative to natural interannual variability. Very little change is expected in SRES B1 and no new regions of cyclogenesis are apparent in any of the scenarios. For the scenario where most models were used, SRES A1B, most of the increase in the WN Pac occurs during JAS (53%), while the second largest increase occurs during OND (31%) (not shown) which would result mostly in a more active typhoon season. No significant increase is predicted in the non-typhoon seasons. The increase in TC formation during the summer season in that region is caused by an increase in both convective and dynamic potentials. More specifically, the vorticity term becomes more conducive to TCs, while the wind shear remains at current level (not shown).
Conclusion
We have analysed, using ERA40 reanalysis data and what was deemed the more accurate IPCC AR4 models, two parameters believed to accurately represent current TC activity based on large-scale climate controls. Using reanalyses, both the YGP and CYGP manage to capture the major areas of cyclogenesis, although they systematically underestimate TC activity in the NH. By using an ensemble of CGCMs, we see a degradation in the representation of current regions of cyclogenesis and their intensity level, which is caused by the CGCMs failure to adequately simulate large-scale fields used in the evaluation of the indices. By looking at past trends, we deemed the CYGP index to be more robust to changes in climate conditions and have attempted, based on that parameter, to predict future TC activity. With this approach, very little change between current and future TC activity is expected: in only one basin in two out of three scenarios do we detect a change greater than the observed interannual variability of that particular basin.
The weak positive trend for future climate scenarios found in this study is not unlike that of Stowasser (2007) which predicts a slight increase (although no statistically significant) in the number of TCs in the NW Pac in a 6 × CO 2 atmosphere. It does contrast sharply however with other studies based on the comparison of the TCLVS which predict an overall reduction in the number of cyclones in the future. In particular, recent papers by Oouchi et al. (2006) and Bengtsson et al. (2007b) predict a reduction in the number of cyclones in the NW Pacific. However, as mentioned earlier, these TCLVs are not TCs and so, any changes in one cannot be absolutely confidently transferred to changes in the other.
Similarly, investigating future TC activity by looking at the large-scale fields favourable to TC formation carries its own uncertainties. It should be remembered that, while the CYGP gives reasonable results for present climate conditions, this does not guarantee the followings.
(1) The index will work well in future climate conditions (as the example of the YGP has shown) and, maybe even more importantly.
(2) Current CGCMs correctly simulate future large-scale climate conditions that will occur in the tropics and influence the CYGP implied TC numbers.
It is likely that, until CGCMs significantly increase their resolution to adequately simulate past observed TC statistics, Tellus 60A (2008), 1 variability, intensity and structure, any possible changes in TC activity in response to a changing climate will remain uncertain at best.
